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THE AUTOMOTIVE STIRLING ENGINE DEVELOPMENT PROGRAM -- A SUCCESS 
Wi l l i am K.  Tabata 
Na t iona l  Aeronautics and Space Admln l s t ra t l on  
Lewls Research Center 
Cleveland, Ohio 44135 
Abs t rac t  
t The o r i g i n a l  5 y r  Automotive S t i r l i n g  Englne 
Development Program has been s t re t ched  t o  a 10 y r  
an est imated completlon date o f  A p r l l  1988. t h e  
l n g  t h e  o r l g l n a l  program o b j e c t i v e s  a r e  reviewed. 
Various other  a p p l i c a t l o n s  o f  t h i s  developed 
S t l r l l n g  engine technology a r e  a l s o  discussed. 
Program Backqround 
m program due t o  reduced annual f und ing  l e v e l s .  Wi th  
b 
v) 
cr) 
w I t e c h n l c a l  achlevements and the  prospect ives o f  meet- 
The Automotlve S t l r l l n g  Program resu l ted  f rom 
t h e  Congresslonal passage I n  1978 o f  Pub l l c  Law 
95-238, the  Automotive Propuls lon Research and 
Development Act. This A c t  d i r e c t e d  t h e  Department 
o f  Energy (DOE) t o  develop advanced automotive 
englnes. One o f  these advanced engine development 
programs was the Automotive S t i r l i n g  Program. Tech- 
n i c a l  p r o j e c t  management o f  t h e  program was dele- 
gated by DOE t o  t h e  Na t iona l  Aeronautlcs and Space 
Admln l s t ra t l on ,  (NASA), Lewis Research Center by an 
In teragency agreement. 
The Automotive S t i r l i n g  Program has t w o  par ts ,  
as shown i n  F lg .  1; t h e  Automotive S t l r l l n g  Englne 
Development (ASE) Program and t h e  Automotive 
S t l r l l n g  Research and Technology Programs. The ASE 
program I s  t h e  major engine development e f f o r t  and 
t h e  sub jec t  o f  t h i s  paper. The Automotive S t i r l i n g  
Research and Technology Programs a re  s p e c i f l c  tech- 
nology programs t o  support t h e  engine development. 
Typ ica l  technologies a re  m a t e r l a l s ,  combustlon, 
c o n t r o l s ,  ana lys l s  codes, e t c .  
The ASE program (NASA Contract  DEN 3-32) was 
signed w i t h  Mechanlcal Technology Incorporated (MTI) 
o f  Latham, NY, I n  1978. MTI prov ides the program 
management and technology t r a n s f e r  exper t l ses .  
major sub-contractors  were Uni ted S t i r l i n g  AB and 
Company (USAB) o f  Malmo. Sweden. and AM General 
Corporat ion (AMG) o f  D e t r o i t ,  M I .  USA6 provided 
t h e  S t i r l i n g  engine background technology t o  the 
program and AMG prov ided the v e h i c l e  l n t e g r a t l o n  
s k i l l s .  
Two 
The o r i g i n a l  ASE program was a $97 m i l l i o n .  
5 y r  program; b u t  due t o  annual f und ing  cutbacks 
(Recls lon,  De fe r ra l ,  Gramm-Rudman, e t c . ) ,  the ASE 
program has been s t re t ched  j n t o  a 10 y r  program 
c o s t i n g  $107 m i l l i o n .  Un fo r tuna te l y ,  the scope o f  
t e c h n i c a l  tasks and the  t e s t  hardware had t o  be 
reduced t o  minimize the  cos t  o f  t he  program 
s t r e t c h o u t .  
The ASE program s t a r t e d  w i t h  t h e  USAB P40 
engine as a base l i ne  englne and then developed two 
generat ions o f  S t i r l i n g  engines designed f o r  the 
automotlve a p p l i c a t i o n  -- t h e  Mod I and Mod I 1  
engines. During t h e  pe r lod  o f  program st retchout .  
an upgraded Mod I englne was added t o  the Mod I 
englne development. Cur ren t l y ,  t he  Mod I1  engine 
i s  under t e s t .  The demonstrat ion o f  ASE program 
o b j e c t i v e s  I s  planned f o r  A p r i l  1988 w i t h  the  
Mod I1  engine I n s t a l l e d  I n  a General Motors Celeb- 
r i t y  veh lc le .  
ASE Proqram Object ives 
The o r l g i n a l  and c u r r e n t  ASE program o b j e c t i v e s  
are t o  develop a S t i r l l n g  englne when I n s t a l l e d  I n  
a p roduc t i on  s p a r k - I g n i t i o n  v e h i c l e  w i l l :  
(1) Prov ide 30 percent  Improvement I n  t h e  
EPA cornbtned d r i v i n g  c y c l e  f u e l  economy 
( 2 )  Provide exhaust emissions which s a t l s f y  
the  Federal Research Standards 
( 3 )  Prov ide comparable a c c e l e r a t i o n  and 
response. 
Fur ther .  t he  automotive S t i r l l n g  engine should: 
( 4 )  Be capable o f  ope ra t l on  on var ious 
a l t e r n a t e  l i q u i d  f u e l s  
( 5 )  Have comparable i n l t l a l  rnanufacturlng 
costs  and l i f e  c y c l e  cos ts  as t h e  
s p a r k - i g n l t l o n  englne 
And, f i n a l l y ,  
( 6 ) t h e  t r a n s f e r  o f  t he  e x i s t i n g  European 
S t i r l i n g  englne technology t o  t h e  Uni ted 
States.  
Technical Achievements 
A f t e r  9 y r  and over $100 m i l l i o n  o f  Government 
funding. what has been accomplished I n  t h e  ASE pro-  
gram? Some t e c h n i c a l  achievements have been: 
Improvement I n  N e t  Enqlne E f f i c i e n c y  
The base l l ne  USAB P40 englne I n  1978 had a 
maximum engine n e t  e f f i c i e n c y  o f  31 percent  
( F i g .  2) .  I n  the  ASE program, maximum englne ne t  
e f f l c l e n c y  has been increased t o  37 percent  demon- 
s t r a t e d  by the  Mod I engine. 40 percent  p ro jec ted  
f o r  t he  c u r r e n t  Mod I 1  englne under development, 
and 42 percent  p r o j e c t e d  f o r  t he  paper-design Refer- 
ence Engine System Design (RESD) .  
The Mod I 1  englne e f f i c i e n c y  i s  s l i g h t l y  l e s s  
than the  RESD by I n t e n t i o n .  The Mod I 1  has been 
opt imlzed f o r  f u e l  economy and n o t  n e c e s s a r l l y  f o r  
englne e f f l c l e n c y .  I n  some cases, englne e f f l c i e n c y  
has been s a c r i f l c e d  f o r  f u e l  economy. One example 
I s  t he  preheater .  The preheater  was designed 
l i g h t e r  ( s m a l l e r )  t o  reduce t h e  c o l d  s t a r t  pena l t y  
I n  the  urban d r l v l n g  cyc le .  The l i g h t e r  ( s m a l l e r )  
preheater reduced I t s  e f f e c t l v e n e s s  and thus reduced 
englne e f f i c i e n c y  f o r  improved f u e l  economy. 
Englne T a i l o r e d  t o  Miss ion 
F igu re  2 a l s o  I l l u s t r a t e s  how the  S t i r l i n g  
engine e f f i c i e n c y  can be t a i l o r e d  f o r  t h e  automot ive 
a p p l i c a t i o n .  The maximum power a t  4000 rpm engine 
speed I s  needed on ly  f o r  v e h l c l e  acce le ra t i on .  The 
average opera t i ng  p o i n t  o f  t h e  engine d u r i n g  the  
EPA combined urban/hlghway d r i v i n g  cyc les  i s  an 
engine speed o f  approx imate ly  1000 rpm. Therefore, 
the maximum e f f i c i e n c y  o f  t h e  USAB P40 engine a t  
2000 rpm has been moved by des ign t o  approx imate ly  
1000 rpm f o r  t h e  Mod I and I 1  englnes. 
1 
Pis ton  Rings and Piston Rod Seals 
P is ton  r i n g s  and p i s t o n  r o d  seals  have been 
developed which demonstrate s a t l s f a c t o r y  ope ra t l on  
f o r  g rea te r  t han  2000 h r  i n  engine endurance t e s t s .  
The automotive goal o f  3500 h r  l i f e  appears a t t a i n -  
ab le.  Fur ther  d e t a i l s  o f  the seals  t e s t i n g  can be 
found i n  Ref. 1. 
M a t e r l a l s  
The p r e v i o u s l y  used metal a l l o y s  i n  the  
S t i r l i n g  englne heater heads conta ined s t r a t e g i c  
c o b a l t  -- HS31 f o r  castings and N155 f o r  tubes. 
These a l l o y s  have been rep laced i n  t h e  ASE program 
w i t h  a l l o y s  con ta in ing  no coba l t .  
XF818 f o r  cas t l ngs  and CG27 f o r  tubes have been 
success fu l l y  used f o r  Mod I and Mod I1  heater  heads. 
The l r  s t reng th  and f a t i g u e  p r o p e r t l e s  have been 
demonstrated by extensive engine endurance t e s t i n g .  
Another promising c a s t i n g  a l l o y  has been iden- 
t l f i e d  i n  an Automotive S t i r l i n g  Research and Tech- 
nology Program -- NASAUT-4GA1. 
b e t t e r  p r o p e r t i e s  and lower c o s t  than XF818, b u t  no 
heater heads have been made i n  the  ASE program w i t h  
NASAUT-4GA1 because o f  f und ing  p r l o r i t l e s .  F o r  
a d d i t l o n a l  I n fo rma t ion  about these a l l o y s ,  see 
Ref. 2. 
The new a l l o y s  
Thls  a l l o y  has 
Another m a t e r i a l  e f f o r t  conducted i n  t h e  ASE 
program was t h e  ceramic preheater .  A development 
e f f o r t  was contracted w i t h  Coors Porce la in  Company 
t o  develop a c o s t - e f f e c t i v e  ceramic preheater  f o r  
t h e  automotive S t i r l i n g  engine. This  a c t i v i t y  d i d  
r e s u l t  i n  a preheater module made o f  mlxed oxides 
which had thermal performance comparable t o  the  
m e t a l l l c  preheater  and which demonstrated d u r a b i l i t y  
t o  thermal c y c l i n g .  The ceramic preheater  evalua- 
t i o n  I n  an engine t e s t  had t o  be de fe r red  due t o  
funding l l m l t a t i o n s .  
Endurance T e s t i n g  
A s  mentioned prev ious ly ,  extens ive engine 
endurance t e s t l n g  has been conducted i n  t h e  ASE 
program. These t e s t s  s imulated t h e  EPA d r l v l n g  
c y c l e .  The t o t a l  engine t e s t  hours 1.n t h e  ASE pro-  
gram a re  impress ive.  Over 8000 P40 t e s t  hours, 
1 7  000 Mod 1 t e s t  hours, and 500 Mod I 1  t e s t  hours 
have been accumulated as o f  A p r l l  1987. These t e s t  
hours have been valuable i n  e v a l u a t i n g  components 
and m a t e r i a l s  i n  t r u e  engine environments. 
Vehic le  T e s t i n g  
O f  the t o t a l  engine t e s t  hours, approximately 
2000 h r  have been accumulated I n  veh ic les .  These 
t e s t s  have been valuable i n  e v a l u a t l n g  system l n t e r -  
ac t i ons  and response r a t e s  i n  the  t r a n s i e n t  env l ron-  
ment o f  a v e h l c l e  i n s t a l l a t i o n .  
Con t ro l  Systems 
A major c o n t r i b u t o r  t o  t h e  improved f u e l  econ- 
omy demonstrated by S t l r l l n g  engines I n  the  ASE 
program I s  n o t  improvements i n  engine e f f i c i e n c y  
alone, bu t  a l s o  Improvements i n  engine c o n t r o l  sys- 
tems. Extens ive e f f o r t s  have been expended t o  
improve the  S t i r l i n g  engine c o n t r o l  systems -- power 
c o n t r o l  (engine pressure), heater  head temperature 
c o n t r o l ,  combustion a l r / f u e l  c o n t r o l .  and t h e  d l g l -  
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t a l  engine c o n t r o l .  The f u e l  economy losses due t o  
slow power c o n t r o l  response and heater  head temper- 
a t u r e  "droops" have been e l im ina ted .  These c o n t r o l s  
have been developed so once i n s t a l l e d  I n  a veh lc le ,  
t he  d r i v e r  i s  v i r t u a l l y  unaware o f  any d i f f e r e n c e s  
between t h e  S t i r l i n g  engine and a s p a r k - I g n i t i o n  or 
d l e s e l  engine. 
A l t e r n a t e  Fuels 
The Mod I S t i r l i n g  engine has been t e s t e d  w i t h  
var lous a l t e r n a t e  l i q u i d  f u e l s  -- d l e s e l  f u e l ,  kero- 
sene, JP4 a i r c r a f t  f u e l ,  a l coho ls ,  broad-base pe t ro -  
leum d i s t i l l e d  f u e l s ,  and s imulated shale 011 f u e l .  
Some i g n i t i o n  problems have been encountered (as 
could be expected), b u t  no problems o f  engine opera- 
t i o n  have been encountered w i t h  t h e  l i m l t e d  t e s t i n g  
conducted t o  date.  Engine power, englne e f f l c l e n c y ,  
and exhaust emissions a r e  very s i m i l a r  w i t h  a l l  
f u e l s  tes ted .  
Meetlnq Proqrarn Object ives 
Wi th 1 y r  remainlng i n  t h e  ASE program, a l l  
i n d i c a t l o n s  a re  t h a t  a l l  o r i g i n a l  program o b j e c t i v e s  
w l l l  be met. 
30 Percent Fuel Economy 
out  a u x l l a r l e s  o r  c o n t r o l  systems) I s  c u r r e n t l y  
undergoing development t e s t l n g .  I n  F ig .  3, t h e  
measured englne ne t  e f f l c l e n c y  i s  compared t o  pre-  
d i c t i o n s  f o r  a constant  engine output  power o f  
1 5  kW. The comparison i s  e x c e l l e n t .  Based on the  
engine t e s t  r e s u l t s  and the  s ta tus  o f  a u x i l i a r y  and 
c o n t r o l  system development a c t i v l t i e s ,  t h e  f u e l  
economy o f  t he  Mod I 1  englne i n s t a l l e d  I n  t h e  Celeb- 
r i t y  v e h l c l e  i s  c u r r e n t l y  a n t i c i p a t e d  t o  be between 
37 and 41 mpg. 
achleved i n  the  ASE program a re  i l l u s t r a t e d .  The 
P40 Opel, P40 S p l r l t ,  Mod I Lerma, and Mod I S p i r l t  
veh ic les  were under-powered (s low  a c c e l e r a t i o n ) ,  so 
t h e i r  f u e l  economles a re  biased h lgh .  The Mod I 1  
C e l e b r l t y  I s  n o t  under-powered. I t  w i l l  have the 
same a c c e l e r a t i o n  c h a r a c t e r i s t l c s  as t h e  spark- 
i g n i t i o n  C e l e b r i t y .  I n  F l g .  4, t h e  range o f  
expected Mod I 1  f u e l  economy I s  shown. Also shown 
are t h e  comparable 1987 s p a r k - l g n l t l o n  C e l e b r l t y  
(31 mpg) and t h e  1985 U.S. F l e e t  average f o r  3000 l b  
i n e r t l a  welght  passenger cars (27 mpg). A s  can be 
seen, t h e  expected Mod I 1  C e l e b r l t y  f u e l  economy 
w i l l  be c lose  t o  30 percent  b e t t e r  than t h e  spark- 
l g n i t l o n  C e l e b r i t y  and 50 percent  b e t t e r  than the 
U.S. F l e e t  average. 
Exhaust Emissions 
Vehic le  t e s t i n g  i n  t h e  ASE program has g iven 
confidence t h a t  t he  Mod I 1  C e l e b r l t y  w l l l  s a t i s f y  
a l l  exhaust emission requlrements. 
Acce le ra t i on  and Response 
The Mod I 1  basic  S t l r l l n g  englne (englne w i t h -  
I n  F l g .  4, the Improvements i n  f u e l  economy 
Mod I 1  development t e s t i n g  us lng t h e  Mod I 
engine i n  the  S p l r l t  t e s t  v e h l c l e  has demonstrated 
the  Mod I 1  c o n t r o l  systems should s a t f s f y  a l l  vehi -  
c l e  
sho 
l g n  
response requlrements. Vehic le  acce le ra t i ons  
I d  a l s o  be comparable t o  the  p roduc t i on  spark- 
c l e .  t i o n  veh 
c 
A l t e r n a t e  Fuels 
i n  t h e  ASE program, t h e  use o f  most a l t e r n a t e  f u e l s  
i n  t h e  Mod I 1  engine should cause no problems. For 
example, t h e  d i r e c t  s u b s t i t u t i o n  o f  JP4 or kerosene 
f o r  gaso l i ne  i s  poss ib le .  Some i g n l t i o n  re la ted.  
a c i d  d i s t i l l a t i o n ,  o r  p a r t i c u l a t e  p lugg ing  problems 
cou ld  be encountered w i t h  some fue l s .  
Manu fac tu r ing /L i fe  Cycle Costs 
Based on t h e  a l t e r n a t e  f u e l  t e s t i n g  conducted 
D e t a l l e d  manufacturing cos t  study o f  the RESD 
was conducted by Pioneer Engineering Company. 
Recently, a va lue a n a l y s i s h a l u e  engineer ing c o s t  
study of t h e  Mod X I  engine was conducted by Deere 
and Company. Both s tud ies  i n d i c a t e  t h e  manufac- 
t u r i n g  cos t  o f  t h e  S t i r l l n g  engine could be compar- 
a b l e  t o  s p a r k - i g n i t i o n  and d i e s e l  engines. 
L i f e  c y c l e  cos t  should a l s o  be s i m i l a r  t o  
s p a r k - I g n i t i o n  and d i e s e l  engines. I n  f a c t ,  a 
p o t e n t i a l  f o r  reduced maintenance costs e x i t s  -- 
no m u f f l e r ,  no c a t a l y t i c  conver ter ,  and "no" o i l  
changes. 
Technoloqv Transfer  
The t r a n s f e r  o f  S t i r l i n g  engine technology 
f rom Europe t o  M T I  has been accomplished as proven 
by the  design, f a b r i c a t i o n .  and development t e s t i n g  
o f  t he  Mod I 1  engine. The f u r t h e r  t r a n s f e r  of t h i s  
technology t o  o the r  U.S. i n d u s t r i e s  i s  c u r r e n t l y  
underway. 
A Successful Program 
The o r i g i n a l  5 y r  ASE program has been 
s t re t ched  I n t o  a 10 y r  program. Thls  s t re t chou t  
had t h e  b e n e f l t s  o f  p r o v i d i n g  more t ime  f o r  some 
key developments and a l l o w i n g  the  accumulation o f  
engine t e s t  hours t o  evaluate component d u r a b l l -  
i t y .  One disadvantage o f  t h e  s t r e t c h o u t  was the 
r e d u c t i o n  i n  t e c h n i c a l  scope. C e r t a i n  technology 
developments had t o  be d r a s t t c a l l y  reduced or 
complete ly  e l lm lna ted  i n  order  t o  minimize the 
a d d i t i o n a l  costs  f o r  t h e  program s t re tchou t .  
So a f t e r  10 y r  and over $100 m i l l l o n ,  has the  
ASE program been successfu l?  
Yes, t he  ASE program w i l l  demonstrate the 
achievement o f  a l l  I t s  o r i g i n a l  program object ives 
a t  approx imate ly  I t s  o r i g i n a l  est imated cos t .  But 
besides t h e  s p e c i f i c  ASE program goals. t h e  
$100 m i l l i o n  investment has demonstrated t h e  k ine -  
mat lc  S t i r l i n g  engine's h i g h  performance, response, 
and endurance I n  r e a l l s t l c  a p p l i c a t i o n s  and du ty  
cyc les.  The manufactur ing costs have a l s o  been 
made compe t i t l ve  by proper deslgn Improvements I n  
components. 
A t  t h i s  t l m e ,  t h e  l a c k  o f  any commercial expe- 
r l e n c e  and t h e  h igh  t o o l i n g  costs  o f  mass p roduc t i on  
of any new engine a r e  n o t  conducive f o r  t h e  i n t r o -  
duc t i on  o f  S t i r l i n g  engines i n t o  the  automobile 
i ndus t r y .  However, t h l s  ASE technology can be 
adapted t o  a v a r i e t y  o f  nonautomobile a p p l i c a t i o n s  
where t h e  necessary experience could be gained w i t h  
lower p roduc t ton  r a t e s .  Some nonautomoblle a p p l i -  
ca t i ons  a r e  generator  sets, heat  pumps, a g r i c u l -  
t u r a l  i r r i g a t i o n ,  co-generation, and s p e c i a l t y  
veh ic les .  
pursued i s  t h e  s p e c l a l t y  veh ic le .  Using NASA Tech- 
nology U t i l i z a t i o n  funds, a Mod I engine has been 
i n s t a l l e d  I n  a U.S. A l r  Force f l i g h t l i n e  van 
(Ref. 3) .  The van i s  be ing evaluated by t h e  A i r  
Force f l i g h t l i n e  opera t i on  us ing gasol ine,  JP4. and 
d i e s e l  f u e l .  Th ls  I n i t i a l  eva lua t i on  w i l l  be 
fo l l owed  nex t  year w i t h  a second v e h i c l e  and 
u l t i m a t e l y  w i t h  a Mod I 1  englne powered veh ic le .  
Yes. t he  ASE program has been very successfu l  
i n  advancing and demonstrat ing the  S t i r l i n g  englne 
technology f o r  t h e  automotlve and o the r  nonauto- 
mottve a p p l l c a t i o n s .  The program has brought t h e  
k lnemat ic  S t i r l i n g  englne out  o f  t he  l a b o r a t o r y  and 
t e s t  c e l l s  and I n t o  r e a l l s t l c  a p p l i c a t i o n s .  The 
S t i r l i n g  engine i s  n o t  an e x o t i c  engine; i t  I s  a 
p r a c t i  c a l  engl ne. 
One o f  these a p p l l c a t l o n s  c u r r e n t l y  be lng 
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